An X-ray transparent electrochemical cell for operando bench-top X-ray diffraction in reflection geometry is presented. Dense glassy carbon (Sigradur-G) is used as an X-ray transparent window. The cell and dedicated sample holder are easy to handle and cost efficient thanks to their simple designs. To demonstrate the performance of this new Swagelok-type operando cell, diffractograms were collected during cycling of the cathode material Li x Mn 2 O 4 (x 1) in a lithium-ion battery. During charging/delithiation, three spinel phases with evolving lattice parameters were found. This observation confirms the expected mixed two-phase and solid-solution behaviour and thereby validates our experimental setup. The presented low-cost setup may enable further battery research units to access operando X-ray diffraction data for characterization of structural phenomena during battery cycling and degradation mechanisms during prolonged cycling, which will lead to improvement of the battery technology.
Introduction
Lithium-ion batteries are central to our way of life. Electrochemical energy storage will play a significant role in the storage and transportation of clean but intermittent energy (wind and solar). Sustainability and cost issues require new eco-friendly electrode materials and greatly enhanced battery lifetime (Grey & Tarascon, 2016 ). An understanding of the working and degradation mechanisms during operation of these electrode systems is fundamental to optimize their performance. Therefore, operando studies are a significant part of current battery research (Harks et al., 2015) .
X-ray diffraction (XRD) is a powerful and commonly used technique to monitor structural changes at the atomic scale. During operation of the battery, the alkali metal ions shuttle between positive and negative electrodes. There the uptake and release of the alkali metal ions can take place via an insertion, alloying or conversion mechanism, resulting in either solid-solution or two-phase behaviour (Palacín, 2009) . Any change in structure or chemistry of the material will affect its Gibbs free energy and thus its voltage-composition profile (Van der Ven et al., 2013) . The structural changes during cycling are accompanied by the breaking and reforming of bonds, and in some cases, by very large volume changes (Obrovac & Chevrier, 2014) . This can lead to reduced reversible capacity loss because of the formation of inactive phases, e.g. by loss of ionic and electrical contact through pulverization of the electrode particles (micro-cracking) and loss of the structural integrity of the electrode film (Vetter et al., 2005) .
Operando XRD has several advantages over ex situ characterization. During preparation of ex situ samples, highly reactive electrode species may have relaxed, been shortcircuited or been contaminated with atmospheric species.
Furthermore, studies that examine only a limited number of ex situ samples of the same material at different charge states may miss a lot of fine details between the sampling points. Operando characterization avoids these problems but requires specially designed electrochemical cells adapted to the inherent constraints of the apparatus and with good electrochemical performance.
Despite the advantages of synchrotron operando XRD (e.g. high brilliance, tuneable energy and fast data collection), a wealth of information can be extracted by the analysis of diffraction data collected using a laboratory diffractometer, which is more accessible compared with a synchrotron source. While short-lived intermediate phases and nonlinearities in behaviour under non-equilibrium conditions (e.g. application of high charge rates) should be investigated using synchrotron sources, long-term cycling experiments and studies of activation/fading processes in batteries are feasible using laboratory diffractometers. Several designs of X-ray transparent electrochemical cells have been proposed for laboratory and synchrotron XRD in both reflection and transmission geometries. An overview has been given by Sottmann et al. (2016) . For laboratory XRD in reflection geometry, these include a reusable Swagelok-type cell with a beryllium window (Leriche et al., 2010) , a reusable cell with a graphite dome as the window (Shen et al., 2014) , a disposable coin cell with a Kapton window (Rhodes et al., 2011 ) and a pouch cell with an Al/Ti metal foil window (Villevieille et al., 2014) . The different designs vary in dimensions (which need to fit the geometric constraints of the diffractometer), in cost (reusable cells are generally cheaper for long-term usage) and in user friendliness (Be windows are difficult to handle because of the risk associated with BeO, and many steps may be required to build and/ or assemble the cell). Dense glassy carbon has been used as window material in a synchrotron cell working in transmission geometry (Borkiewicz et al., 2012) . Being rigid and electrically conducting, it remains to be clarified whether it could be used as an alternative to Be windows for XRD in reflection geometry. Some recent operando studies performed on laboratory diffractometers illustrate the depth of information that they are able to reveal on the reaction mechanisms (Robert et al., 2015; Talaie et al., 2015; Yan et al., 2016; Blidberg et al., 2017) .
Here we propose a new electrochemical cell design (and dedicated sample holder) for operando bench-top XRD in reflection geometry. It is made from a small number of inert parts which are easily and cheaply manufactured. Dense glassy carbon (Sigradur-G) is used as window material. The cell is reusable and can be readily assembled in a few steps without the need for auxiliary equipment. The sample holder is fixed to the goniometer of the diffractometer and allows adjustment of the sample height. This setup may further be of interest to many battery research units thanks to the relatively low cost of bench-top diffractometers and the advantages of operando characterization.
To demonstrate the performance of this new Swagelok-type operando cell, diffractograms were collected during cycling of the spinel LiMn 2 O 4 cathode material in which MnO 6 octahedra form a cubic structure with Li in tetrahedral sites (Tarascon et al., 1991) . Three distinct spinel phases are expected in the Li x Mn 2 O 4 (0 x 1) system following the nomenclature of Liu et al. (1998) : phase A for 0 x < 0.2 (also referred to as -MnO 2 ), phase B for 0.45 < x < 0.55 and phase C for 0.55 < x 1. Li x Mn 2 O 4 therefore provides the required properties as a test-case material, as which, it previously served to validate another operando cell (Baehtz et al., 2005) . During charging/delithiation of LiMn 2 O 4 in the operando cell, two first-order phase transitions between the three spinel phases as well as the evolution of their lattice constants are found. These observations, being in perfect agreement with the expected mixed two-phase and solid-solution behaviour, thus prove the potential of this prototype.
Implementation

Cell design and sample holder
A schematic drawing of the cell is shown in Fig. 1 . The cell is a modified version of the transmission cell reported by Sottmann et al. (2016) . In reflection geometry, Be windows are commonly used because of their high transparency to X-rays (Leriche et al., 2010) . However, the manipulation of Be necessitates extreme care and knowledge of the risks associated with its oxide, BeO. Another disadvantage is the Bragg peak overlap of several phases: the electrode material, the Be and its oxide, and in some cases aluminium foil, which is placed between positive electrode materials (with operating voltages >3.5 V versus Li/Li + ) and the Be window to prevent oxidation. Here we employ dense glassy carbon (Sigradur-G) as the rigid, electrically conductive and fully amorphous X-ray window. At an incident angle of = 15
, the penetration depth of Cu radiation into glassy carbon is 970 mm. The glassy carbon discs have a diameter of 24 mm and are 300 mm thick. The diffraction patterns of the Be and glassy carbon windows are compared in Fig. 2 . Glassy carbon has a high amorphous background contribution up to 30 (2) while Bragg peaks of the Be window are observed above 37 (2). The window materials are thus complementary in terms of the angular ranges within which the diffraction pattern of the electrode material can be analysed most readily. Note that the cell design also allows for use of a Be instead of a glassy carbon disc as the window. The diffraction patterns of the pristine The battery is assembled below the X-ray window, which is in contact with the working electrode. The electrode should preferably be prepared without current collector foil, first to improve X-ray transmission to and from the electrode, and second to avoid overlapping Bragg peaks. Free-standing film electrodes can be obtained using binders such as PTFE as in this work or poly(vinylidene fluoride-co-hexafluoropropylene) [p(VdF-HFP)] (Samarasingha et al., 2016) . Otherwise, the electrode can be directly cast on the window of the irradiated area (Yan et al., 2016) . It is important to prepare electrodes with sufficient active material mass loading in order to get a good signal from the active material. The required mass will depend on the X-ray scattering power of the material and should be tested for each electrode system. The working electrode is separated from the spring-loaded steel piston coated with the counter electrode (e.g. Li metal) by an electrolyte-soaked glass fibre. The cell casing is made of a modified commercial 3/4 inch brass nipple and caps. One cap is in electrical contact with the X-ray window and has a rectangular opening of 15 Â 20 mm, being slightly larger than the irradiated area of 11 Â 19 mm at 2 = 10
. The casing therefore serves as an electrical contact to the working electrode. The other cap is opened and electrically insulated from the piston, which is in electrical contact with the counter electrode. Teflon (PTFE), being chemically inert and electrically insulating, is used to host the battery in a cylinder with an inner diameter of 19 mm and to insulate the pistons from the casing. The cell is hermetically sealed by pressing the X-ray window and the metal on the Teflon contacts.
The sample holder is fixed to the goniometer of a Rigaku MiniFlex600 diffractometer (Fig. 4) . The cell is placed inside the cylindrical opening on top of a screw which serves to adjust the height of the electrode material to the centre of the goniometer. This is usually done iteratively by matching the peak positions (preferably at high angles) of the pristine electrode material measured on a commercial sample holder and the material in the cell. A full turn of the screw corresponds to a displacement of 500 mm in height. Once the electrode material is at the correct position, the cell is fixed by the horizontal screws pressing on the brass nut. Rigaku MiniFlex600 bench-top diffractometer and height-adjustable sample holder that is fixed to the goniometer. 
Assembly and electrochemical cycling of the cell
For electrochemical characterization, the cell was assembled in an argon-filled glove box (MBraun) with H 2 O and O 2 levels less than 0.1 p.p.m. The working electrode composition was 70 wt% of active material (LiMn 2 O 4 , electrochemical grade, Sigma Aldrich), 20 wt% of conductive carbon black (acetylene black) and 10 wt% PTFE binder. The mixture was intimately mixed in an agate mortar and then rolled into a thin film. The obtained mass loading of active material of about 18 mg cm À2 is similar to that used in the reference operando study which was estimated to be about 24 mg cm À2 (Baehtz et al., 2005) . The working electrode was separated from the Li foil counter electrode by an electrolyte-soaked glass fibre. The electrolyte was LiPF 6 (1 M) dissolved in ethylene carbonate and ethyl methyl carbonate with a volume ratio of 3:7. The electrochemical studies were carried out using a VMP II potentiostat/galvanostat (Biologic SA). The cells were left at open circuit for at least 2 h to make sure the electrolyte was fully soaked into the electrode before galvanostatic cycling at a current rate of C/20 (7.4 mA g À1 ) between 3.6 and 4.5 V.
Diffraction measurements and data analysis
A Rigaku MiniFlex600 bench-top diffractometer was used for XRD with Cu K 1,2 radiation. The diffractometer works in -2 configuration with a goniometer radius of 150 mm. The X-ray tube was operated at a voltage of 40 kV and a current of 15 mA. The low power consumption of the X-ray source, here 600 W, is typical for bench-top diffractometers. It has the advantage that a small independent air/water chiller can be used to cool the X-ray tube. The diffractometer was equipped with a high-speed one-dimensional D/teX Ultra2 detector. The detector pulse height analyser window can be tuned to reduce the background arising from X-ray fluorescence of the sample. On the incident X-ray beam side, a 0.625 fixed divergence slit, a 10 mm incident width limiting mask and 2.5
Soller slits were used, while the diffracted beam side was configured with an 8 mm scattering slit, 5
Soller slits and a K filter. A variable knife edge which moves upwards with increasing scattering angle was used to reduce the background due to diffuse scattering. Every diffractogram was measured between 15 and 100 (2) in steps of 0.03 with a counting time of 0.2 s per step, namely in about 10 min. Hundreds of diffractograms were recorded sequentially during electrochemical cycling of the electrode material. A Python code links the XRD patterns with the electrochemical cycling data (voltage, current, capacity, x, cycle number . . . ) after data collection via the time stamp.
Rietveld refinements were performed using TOPAS Version 4.2 (Coelho, 2018) . All diffraction patterns of the series were refined in parallel as a single data set (surface refinement), which allows for linking certain refined parameters for the data set, as in the parametric method of Stinton & Evans (2007) . For each pattern, the sample displacement, background, unit-cell parameters of the different phases and their scale factors were refined. The peak-profile parameters of each spinel phase were refined to the same values for the whole data set. In addition to a constant background function, extra peaks with a Gaussian profile function were used to fit the amorphous background bumps due to the glassy carbon window. Reflections from the three spinel phases (space group Fd 3 3m, 227) were fitted using a model with fixed atomic positions, site occupancies and displacement parameters (ICSD Coll. Code 50415) and with the lattice parameters of 8.25 ! a ! 8.16 Å (phase C), 8.16 ! a ! 8.10 Å (phase B) and 8.06 ! a ! 8.03 Å (phase A) [phase labels according to Liu et al. (1998) ]. The angular ranges used for Rietveld refinements of the data corresponding to the second cycle were limited to the 2 ranges with high peak intensities and low background contribution from the glassy carbon (i.e. 35.5-39.4 and 62.9-70.0 ).
Results
The structural evolution of the Li x Mn 2 O 4 electrode, when cycled against Li/Li + in the operando cell over the first two charge and discharge cycles linked to the voltage profile, is shown in Fig Film plot of the background-subtracted diffraction profiles linked to the voltage profile of Li x Mn 2 O 4 of the first two galvanostatic charge and discharge cycles. The indexing of the main Bragg peaks of the spinel phases is specified (see also Fig. 7 ).
Figure 6
Galvanostatic voltage profile of Li x Mn 2 O 4 cycled in the operando cell compared with a reference measurement performed in a common Swagelok-type cell without X-ray window. agreement with a reference measurement performed in a common Swagelok-type cell without an X-ray window (Fig. 6) . Three distinct spinel phases of Li x Mn 2 O 4 are observed in this operando study during delithiation and lithiation (Fig. 5) . Fig. 7 shows selected diffractograms of the first charge which illustrate the two consecutive first-order phase transitions between spinel phases C and B, and between B and A. During the first charge, a loss of crystallinity with respect to the pristine material (phase C) is observed, which may be related to the first-cycle irreversible capacity loss. Fig. 8 shows the evolution of the cubic lattice constants of the three spinel phases and their phase fractions, obtained from Rietveld refinements, compared with the voltage profile and charge state during the second cycle. A Rietveld fit of pristine LiMn 2 O 4 in the operando cell is given as an example in Fig. S1 of the supporting information. The different spinel phases are associated with different Li contents and an average Mn oxidation state which give rise to different lattice constants (Liu et al., 1998) . The evolution of the lattice parameter of the three phases and evidence of first-order phase transitions between them confirm a mixed solid solution and two-phase behaviour which is in agreement with previous in situ/operando observations (Shen et al., 2014; Baehtz et al., 2005; Sun et al., 2002; Levi et al., 1999; Liu et al., 1998) .
Conclusions
An X-ray transparent electrochemical cell for operando bench-top XRD in -2 configuration is presented. Its suitability is confirmed using the well documented test-case material Li x Mn 2 O 4 (x 1) as the cathode in a lithium-ion battery, which showed the expected electrochemical and structural behaviour. Dense glassy carbon (Sigradur-G) is used as the X-ray transparent window material. The cell and dedicated sample holder are easy to handle and cost efficient owing to their simple designs. In combination with the use of a relatively low-cost bench-top diffractometer, this setup may enable further battery research units to study structural phenomena during battery cycling as well as degradation mechanisms during prolonged cycling. Selected diffraction patterns collected during the first charge, at different states of charge (see corresponding coloured symbols on the voltage profile given in the inset). Tick marks indicate Bragg positions for the three spinel phases.
